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The structure of C,H,FeR+’ ions was studied by tandem mass spectrometry that included 
the neutralization-reionization (NR) method. Halogen-containing species (R = F, Cl, Br, I) 
showed fragmentation that was consistent with a structure that has the cyclopentadienyl ring 
and R as separate ligands at the metal atom (structure A). This structure also was identified 
for C,H,FeO+ and CpFeOH+’ ions, but these species also easily isomerized to metal-cyclo- 
pentadiene structure, RC,H,Fe+’ (B), followed by hydrogen rearrangement(s) and CO loss. 
B was the dominant structure of C,H,FeH+’ and C,H,FeC,H:’ ions. All ions that have 
structure A showed recovery signals in their NR mass spectra that indicated that their stable 
neutral counterparts were generated. The NR mass spectra also provided complementary 
information about the structure of ions before neutralization and after reionization. fj Am Sot 
Moss Spectrom 1995, 6, 1143-1153) 
N on-transition metal derivatives of the type CpMR, where M is a metal atom, Cp is the cyclopentadienyl ring, and R is a cr-ligand, are 
well known species in the condensed phase. In these 
complexes the cyclopentadienyl group can be cova- 
lently or n-bonded to the central metal atom. Stable 
r-CpMR complexes of the main group elements, which 
have a substituted or unsubstituted cyclopentadienyl 
ligand, have been observed experimentally [I]. Transi- 
tion metal-containing derivatives of this type never 
have been isolated. The instability of these species can 
be explained well by the electron and coordination 
deficiency of the metal atom. The cyclopentadienyl 
ring usually is bound to the metal atom as an 7’ 
ligand, but the remaining radical R cannot provide 
enough electrons to complete the metal’s valence elec- 
tron shell. To make these species stable, additional 
ligands or solvent molecules should be attached to the 
metal atom. For example, many stable complexes of 
the type CpFe(CO),R have been synthesized and char- 
acterized. These compounds are potential sources for 
CpFeR species that, for example, may be formed by 
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photochemical reactions. However, even in these cases 
it has proved impossible to isolate pure CpMR species 
that have no solvent molecules in the coordination 
sphere of the metal atom. 
Neutralization-reionization mass spectrometry 
(NRMS) has been used recently to generate and char- 
acterize elusive and Irither~o unknown organometallic 
species [2]. In these experiments the corresponding 
cations were generated in the gas phase and then 
neutralized by electron transfer from a target gas. A 
variety of cyclopentadienyl complexes of transition 
metals have been examined by this method; most of 
these complexes showed a recovery signal in their 
neutralization-reionization (NR) mass spectra, which 
unequivocally indicates that under these experimental 
conditions the corresponding neutrals have been pro- 
duced as stable species. 
The aim of the present work was to generate vari- 
ous CpFeR neutral species in the gas phase by using 
NRMS. Their positively charged precursors were pro- 
duced by electron impact ionization of the correspond- 
ing dicarbonyl complexes [CpFetCO),Rl. In cases 
where no stable CpFe(CO),R was available (R = H, F, 
OMe, 0, OH), CpFeR+ ions were produced by dissoci- 
ation of ferrocene derivatives of the type FcXR (Fc = 
C,H,FeC,H,). Metastable ion (MI), collision-induced 
0 1995 American Society for Mass Spectrometry 
1044-0305/95/$9.50 
SSDI 1044-0305(95)00581-W 
Received April 12, 1995 
Revised July 1,1995 
Accepted July 1, 1995 
1144 ZACOREVSKII ET AL. J Am Sot Mass Spectrom 1995,6,1143-1153 
dissociation (CID), and collision-induced dissociative 
ionization (CID1 [3]) mass spectra of these species were 
studied to assign structures to the ions. 
(He-O,), helium was added in the first CC (main 
beam reduction 5-10%) to analyze neutrals that origi- 
nated from both metastable and collision-induced dis- 
socia tions. 
Experimental 
Cyclopentadienyldicarbonyliron iodide was purchased 
from Aldrich Chemical Co. (Milwaukee, WI). Other 
CpFe(COI,R complexes (R = Cl, Br) were synthesized 
by a standard procedure [4]. The synthesis of ferrocene 
derivatives used as precursors for CpFeR+ ions also 
has been described [51. 
Electron impact (EI) mass spectra were recorded via 
a modified triple sector (BEE) VG ZAB-2F mass spec- 
trometer (VG Analytical, Manchester, UK). The energy 
of the ionizing electrons was 70 eV, and the tempera- 
ture of the ion source was loo-120 “C. All samples 
were introduced into the mass spectrometer via the 
direct insertion probe heated to 60-100 “C. 
MI, CID, CIDI, and NR mass spectra were recorded 
via the same mass spectrometer, which had two colli- 
sion cells (CC) in each of the second and third field-free 
regions (2FFR and 3FFR), by scanning the voltage of 
the first or second electric sectors. The program ZAB- 
CAT (Mommers Tech., Vanier, Ontario, Canada) was 
used for the data acquisition and processing [6]. At 
least 10 spectra were averaged in each experiment. 
Isotope overlapping of ions of interest with other 
species, which usually contain one or two hydrogen 
atoms less, was insignificant in all cases except CpFeFC 
ions. In the latter case intensities of peaks that corre- 
spond to C,H,FeF+’ and C,H,FeF+ ions were similar. 
Their MI, CID, and NR mass spectra, however, were 
different. To avoid the contribution of C,H,FeF+ 
species in the NR mass spectrum of C,H,FeF+, the NR 
experiments with the latter ions, generated from the 
metastable precursor, were carried out. The NR mass 
spectra of this and ion source-generated species were 
similar and contained recovery signals. 
Kinetic energy release measurements for metastable 
ions (TO,s) were performed at sufficient energy resolu- 
tion to reduce the main beam width at half-height to 
3-5 v. 
Oxygen was used as collision gas in all CID and 
CID1 experiments. In the CID experiments with ion 
source-generated ions, the pressure of oxygen in the 
appropriate CC was adjusted to provide a main beam 
transmission of 90%, which corresponded to essen- 
tially single-collision conditions. In collision experi- 
ments with metastable generated ions or survivor ions 
(after NR), the transmission of the main ion beam was 
In NR experiments dimethylamine and oxygen were 
used for neutralization and reionization, respectively. 
The pressure of Me,NH in the first CC of the corre- 
sponding FFR was adjusted to transmit - 50% of the 
main ion beam, and the pressure of 0, in the second 
CC reduced the main ion beam by 20%. 
Two procedures were employed to obtain CID 
mass spectra that had no contribution from metastable 
ions. In the first, the MI mass spectra were recorded 
under the same experimental conditions as the CID 
mass spectra and subtracted from the combined 
CID-MI mass spectrum. In the second, a potential of 
500-1000 V was applied to the cell with collision gas 
to separate ions that arise from the metastable and 
collision-induced dissociations. The results of these 
methods were similar except for small differences in 
intensities of peaks caused by mass discrimination in 
the second procedure. 
Formation of CpFeR+’ Ions 
Reactions that resulted in CpFeR+’ ions are shown in 
Scheme I. CpFeI “, CpFeBr ‘., and CpFeCl+’ ions were 
generated by the electron impact-induced dissociation 
of the corresponding dicarbonyl complexes 
[CpFe(COl,R]. Their EI mass spectra have been re- 
ported elsewhere [7, 81 and showed CpFeR+’ ions as 
the base peak. 
Benzoylferrocene was used to obtain CpFePh+’ ions. 
In agreement with the data from ref 9, these ions were 
among the most abundant species in the EI mass 
spectrum of this compound, where they were pro- 
duced by C,H,CO loss directly from molecular ions 
[lOI. 
Monosubstituted ferrocene derivatives, which have 
the corresponding functional group in the substituent 
and shown in Scheme I, were used as sources for 
CpFeOH+; CpFeOMe+‘, and CpFeF+’ ions. The EI mass 
spectra of FcCH,OH [ll, 121, FcCOOH [9, 13, 141, 
reduced to - 70%. In the latter cases, ions of interest 
generated in the 2FFR were mass-selected by the sec- 
ond electric sector and transmitted into the 3FFR to be 
collisionally activated. 
the first, no gas was added in the first CC, which 
allowed the examination of neutral products of 
metastable ion dissociations. In the second type, CID1 Scheme I 
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FcCOOMe [9], and FcCOCF, [lo] have been reported 
and contained abundant peaks for CpFeR+’ ions. Their 
direct formation from the corresponding FcXR deriva- 
tives was shown by their presence in the MI mass 
spectra of these molecular ions. 
C,H,Fe+’ ions were produced by the EI-induced 
dissociation of CpFeC,H,COOMe, which involved 
methoxy group migration to the metal atom followed 
by the consecutive losses of C,H,CO and CH,O. This 
decomposition has been described in refs 9 and 10. 
Nitroferrocene, FcNO,, whose EI mass spectrum 
was reported in ref 10, was used to generate CpFeO+ 
ions. Their formation from the molecular ions of this 
compound was supported by the MI mass spectrum, 
which showed an abundant peak at nl/z 137. CpFeO+ 
ions also were present in the mass spectra of 
CpFeC,H,CH,OH and CpFeC,H,COOH, but their 
origin and, therefore, structure were uncertain. 
The General Approach to the 
Identification of CpRFe + Ion Structures 
Ions of formula CpFe+R may exist in several isomeric 
forms. Consideration of the cyclopentadienyl ring as a 
cyclic rr-ligand, indicates two structures, A and B, are 
the most important species. The structure A contains a 
radical R’ connected to the metal atom, whereas iso- 
mer B has R bonded to the cyclopentadienyl group. 
We propose that ions of structure A are originally 
formed from theircyclopentadienyldicarbonyl or ferro- 
cenyl precursors (Scheme I) and the following discus- 
sion will rest upon this premise. Ions B may or may 
not be generated from A, dependent on the nature of 
the group R and the experimental conditions. 
A priori, structures A and B are expected to show 
different unimolecular dissociations. The experimen- 
tally observed dissociations of CpFeR+’ ions are shown 
in Scheme I. Their MI and CID mass spectra are pre- 
sented in Table 1. 
Some of the reactions shown in Scheme I can reli- 
ably be assigned to structures A or B. For example, the 
observation of RFe+ or Cp+ ions should be ascribed to 
isomer A. The latter ion is associated with the forma- 
tion of neutral RFe’, and so this will be indicated by 
the presence of RFe’ ions in the CID1 mass spectrum. 
The most important characteristic of isomer B is the 
observation of CpR +’ ions. The formation of Fe+’ ions 
also may indicate coupling of the cyclopentadienyl and 
R ligands to produce the B-type structure. This how- 
ever must be supported by the results of CID1 mass 
Table 1. Relative abundances of principal ions in MI and CID mass spectra of CpFeR’ ions” 
R C,H,RFe’ C,H,RFe’ C,H5Fe’ C5H4Fe’ RFe’ C3HsFeRt C,H,Fe’ C,H,Fe’ Fe+ C,H,R’ C,H: C,H; 
I MI 
CID 
Br MI 
CID 
m*-CID 
NR-CID 
Cl Ml 
CID 
m*-CID 
NR-CID 
Fb Ml 
CID 
m*-CID 
NR-CID 
OHC Ml 
CID 
m*-CID 
NR-CID 
H Ml 
CID 
m*-CIDd 
Phe Ml 
CID 
m*-CID 
2 
- 
5 
<l 
- 
- 
2 
- 
35 
<l 
4 
1 
4 
2 
<l 
<l 
22 
38 
40 
4 
1 
100 
- 68 
- 100 
- 25 - 
43 
- 58 - 
9 
- 4 2 
23 6 
- 14 3 
43 
<l 2 
- <3 23 
- - 38 
3 44 
3 4 
<l 14 22 
1 2 38 
- (22) 
(38) 
- (40) - 
7 - - 
2 <l 
58 5 - 
17 - 4 6 
43 
40 
31 
91 
50 
48 
68 
17 
21 
21 
27 
23 
44 
29 
25 
- 
- 
3 
2 
6 2 10 - 2 
6 1 4 - <l 1 
4 <l 3 - <l 1 
- 
6 
2 
3 
2 
5 
10 
3 
3 
<l 
- 
<l 
5 
13 
5 
2 
<l 
4 
10 
9 
6 
- 
- 
- 
<l 
2 
- 
- 
- 
12 
3 
11 
3 
2 
- 
8 
11 
3 
- 
3 
4 
- 
2 
16 
8 
4 
1 
16 
4 
5 
2 
15 
9 
7 
78 
48 
29 
- 
6 
3 
- 
- 
<l 
<l 
- 
2 
- 
- 
- 
3 
2 
86 
61 
12 
8 7 
2 5 
2 1 
3 
13 12 
7 2 
5 5 
2 3 
<l 2 
17 
2 1 
1 1 
- 
<l <l 
<l 
L(lntensities are in percent of the total fragment ion current. For ion precursors. see text. All data are for the second field-free region. 
Other important ions (their abundances in the MI and the corresponding CID mass spectra are in parentheses). 
bC,HFFe ‘(-, 2.7,l). CHFFe ’ (-, 2.5.1). 
’ C,HaFe ” (23, < 1,2.17). C,H3Fe ’ (-, 2,2,1). 
dFor CsHsFe” ions generated from metastable CpFeOMe “; FeCsHQ’ (5). 
“&HA (--. 7.2). C,H,+ (--. 11.4). 
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spectra, wherein the presence of reionized CpR+’ 
species or CsH,,R+ ions will identify the loss of CpR 
as a single unit. 
Other decompositions, such as hydrogen atom elim- 
ination, R’ and RI-I losses, may occur from one or both 
CpFeR+’ isomers, and it is difficult to assign these 
processes to isomers prior to experiment. The nature of 
reactions that involve the loss of other non-metal-con- 
taining species will be discussed separately. Neverthe- 
less, some preliminary assignments can be made. The 
loss of R must occur easily from structure B that has a 
substituted cyclopentadiene ligand (for the decomposi- 
tion of such complexes see, for example, ref 15). One 
should remember that the initial form of CpFeR+’ is 
structure A, which also is capable of losing R’. The loss 
of H from the cyclopentadienyl ring is a high energy 
process and probably will not compete in the 
metastable ion time frame with metal-ligand bond 
cleavage reactions in A-type isomers. However, colli- 
sional activation of CpFeR+’ ions may well result in 
this reaction. A hydrogen atom can be lost more easily 
from the B isomer, which contains an allylic H atom. If 
the energy barrier for A j B isomerization is low, 
then the formation of RCsH.,Fe+ ions by H’ loss may 
be one of the most important reactions of metastable 
ions. 
To study the isomerization and dissociation of 
CpFeR+’ ions, experiments with species that have dif- 
ferent origins and internal energies were performed. 
These were: (1) MI mass spectra of CpFeR+. ions that 
have different lifetimes, from - 15 to 30 ps (for ions 
that decompose in the 2FFF and 3FFR, respectively), 
were recorded; (2) CID mass spectra of ion source-gen- 
erated CpFeR+’ ions also were recorded in the 2FFR 
and SFFR; (3) CID mass spectra of ion source-gener- 
ated species were compared with those of metastably 
produced CpFeR+ ions (m*-CID) that have low inter- 
nal energies. CID mass spectra also were measured for 
ions that survived NR conditions (NR-CID). These ions 
presumably had higher average internal energy than 
ion source-generated species. 
No systematic studies on kinetic energy releases 
have been reported for metastable organometallic and, 
in particular, iron-containing ions. The Ta.s values for 
most metastable decompositions of CpFeR+’ ions mea- 
sured in the present work ranged from 30 to 40 meV 
and the peaks were of noncomplex Gaussian shape 
and so had no features of special significance for ion 
structure assignments. 
Structures A and B (or C) are expected to show 
different stabilities under neutralization-reionization 
conditions. The applications of NRMS to organometal- 
lit species recently have been reviewed [2]. Most of the 
complexes studied by this method, which had w 
cyclopentadienyl rings or groups covalently bound to 
the metal atom, showed abundant recovery signals. 
Species in which the metal atom has an even-electron 
ligand, may (for example, FeC,H: and FeCO+ [ 161) or 
may not [Fe(C,H,)z and FeC,Hl [17], etc.] survive 
NR conditions. These general observations can be ap- 
plied to ions of type A and B. Isomers A, which have 
both the r-cyclopentadienyl ring and a-ligand bound 
to the metal atom, likely will exhibit intense recovery 
signals in their NR mass spectra. The isomer B can be 
considered as a complex between the metal atom (ion) 
and a neutral organic molecule. Such species are un- 
likely to produce stable neutral counterparts and may 
therefore show no recovery signal. The absence of a 
recovery signal then may be indicative of the presence 
of a B-type or related structure. The interpretation of 
an NR mass spectrum that contains a weak recovery 
signal is not an easy task. The peak may result from 
both the low, but nonzero, stability of the neutral B 
species or from the presence of A-type ions. It should 
be noted that the observation or nonobservation of a 
recovery signal in an NR mass spectrum also can 
depend on the experimental conditions, which include 
the nature of neutralization target, intercell distance, 
and so forth 121. Moreover, the present interpretation 
of NRMS results noes rzot permit quantitation of ions 
that have different structures and physical characteris- 
tics; only qualitative arguments by analogy may be 
applied. The CID mass spectra of recovery ions were 
measured to help solve the foregoing problem. If the 
NR-CID mass spectrum was similar to that of the CID 
mass spectrum of metastably generated ions, it is likely 
that the survivor ions had structure A. 
Unimolecular Decomposition of 
CpFeX + Ions 
The MI mass spectra of CpFeR+’ ions that decompose 
in the 2FFR of the ZAB-2F mass spectrometer are listed 
in Table 1. The CID mass spectra were corrected by 
subtracting the contribution from metastable dissocia- 
tions (see Experimental for details). 
CyFel +; CpFeBr + ; am-l CpFeCl + lofzs 
The dissociation characteristics of these three species 
were similar and so the experimental results will be 
considered together. 
The MI mass spectra of CpFeI+’ and CpFeBr+’ ions 
were very simple; they contained only one significant 
signal, which corresponded to loss of the halogen atom. 
Trace signals for RFe + ions were observed, relative 
intensity 0.1% or less, but they may well result from 
collisions with residual gas rather than to true 
metastable decompositions. The differences in activa- 
tion energies for the two processes, Cp and I or Br 
losses, should therefore exceed = 12 kcal mol-‘; oth- 
erwise they would compete more effectively in the 
metastable time frame. 
The decomposition of metastable CpFeCl+’ ions also 
involved halogen atom elimination that resulted in 
CpFe’ ion formation. This reaction was, however, no 
longer the most abundant metastable process, which 
now arose from the loss of the cyclopentadienyl ring 
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and produced ClFe+ ions. The difference in the behav- 
ior of halogen-containing CpFeR+’ ions can be ex- 
plained by an increase in the Fe-R bond strength in 
going from the heavier to the lighter and more elec- 
tronegative halogens. This effect will be illustrated 
further by the results for CpFeF+’ ions. 
IF& 
The intensities of CpFe+ and RFe+ ions increased 
when a collision gas was admitted to the collision cell 
and the RFe+/CpFe+ ion abundance ratios increased 
greatly in the CID mass spectra (Table 1) following the 
order R = Cl > Br > I. 
Collision-induced dissociation of the preceding 
species also involved cyclopentadienyl ring destruc- 
tion that resulted in C,Hg and C,H,, and C,H, species 
coordinated to Fe+ or RFe+. Fe+ ions of variable 
abundance were formed upon collisional activation. 
They most likely originated from secondary reactions 
that involved the decomposition of energy rich CpFe+ 
and RFe+ ions and not directly from CpFeR+‘. If the 
latter reaction took place with a single-step formation 
of Fe+‘, then C,H,R+’ or C,H,R+ ions would be 
expected in the CID1 and NR mass spectra. None of 
these species was found, which indicates no A * B 
isomerization. 
RECQVEFIY 
SIGNAL 
C,HFel’ 
- 
Figure 1. Neutralization-reionization mass spectrum of CpFeI+’ 
ions. 
In summary, the decomposition characteristics of 
CpFeI+; CpFeBr+‘, and CpFeCl+’ ions indicate the 
exclusive existence of isomer A and the formation of 
their stable neutral counterparts under neutra- 
lization-reionization conditions. 
CpFeF + lons 
One of the collision-induced dissociations of 
CpFeR+’ ions was the loss of a hydrogen atom. This 
reaction originally was considered by us to be indica- 
tive of the B-type structure. To explain the origin of 
C,H,RFe+ ions, a triple mass spectrometry experi- 
ment was carried out with (C,, H,, Br, Fe)+ species, 
generated in the 2FFR from CpFeBr+‘. The resultant 
CID mass spectrum showed C,H,Fe+ and BrFe+ ions 
as the most abundant species, with only a small signal 
due to Fe+’ ions. These results are consistent with the 
presence of C,H, and Br as se,~ynunte ligands at the 
central metal atom. We propose therefore that the 
foregoing H atom loss occurred from isomer A and not 
from structure B. 
These ions showed richer chemistry than the other 
halo analogues. In the MI mass spectrum of CpFeF+ 
(Table 11, the most abundant reactions corresponded to 
the formation of CsH4Fe+, FC,H,Fe+, and FFe+ ions. 
In addition weak peaks due to Cpc and Fe+ ions were 
present. 
The NR mass spectra of CpFeI+‘, CpFeBr+‘, and 
CpFeCl+’ ions are shown in Figures 1, 2 and 3, respec- 
tively. They displayed strong recovery signals, which 
indicates that stable neutral CpFeR species were gener- 
ated. The NR mass spectra were similar to the CID 
mass spectra (cf. Table 1 and Figures l-3), which 
showed significant peaks due to CpFe+ and RFe+ 
ions. The enhanced intensities of Cp+ and R+ ions 
were due to ionization of the corresponding neutrals 
generated by collision. It should be noted again that 
the NR mass spectra showed 110 ions that have a C-R 
bond, C,H,,R+, the presence of which would have 
indicated the formation of B-type structures. 
The abundance of cyclopentadienyl cations was 
low relative to the three major decomposition products, 
but Cp+ was not observed in the MI mass spectra of 
the other halogen derivatives. This can be explained 
easily by a decrease in the ionization energy of XFe’ 
radicals in the order X = F > Cl > Br > I. The differ- 
ence between the ionization energy of FFe’ (unknown, 
but should exceed that for IFe; 7.8 eV [181) and Cp’ 
(8.41 eV 1181) is probably small enough to allow com- 
petition for the positive charge between the products 
of the Cp-Fe bond cleavage, [Cp . .. FeFl+‘. 
Collisional excitation of CpFeF+ ions (Table 1) re- 
sulted in a variety of dissociations that included the 
The CID mass spectra of the recovered CpFeBr+’ 
and CpFeCl+’ ions are listed in Table 1. They are 
closely similar to those of the precursor CpFeR+’ ions 
and to the CID mass spectra of these species metastably 
generated from CpFe(CO)R+‘, which shows that no 
significant changes in the structure of CpFeR species 
occurred in the neutralization-reionization experi- 
ments. 
Fe’ 
I 
CpFe’ 
lEcaERY 
SIGNAL 
Cd%’ Cp’ Br* 
Figure 2. Neutralization-reionization mass spectrum of 
CpFeN Br+’ ions. 
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Fe’ 
CP. 
CpFe’ . 
A A 
RECOVERY 
SIGNAL 
Figure 3. Neutralization-reionization mass spectrum of 
CpFe3*C1+‘ ions. 
decomposition of a coordinated or metal-free cyclopen- 
tadienyl ring, which produced C,H,,FeF+ and C,Hz 
ions. No F atom loss was observed in either the MI or 
CID mass spectra of CpFeF+. Very weak peaks at m/z 
84 and 83 that correspond to C5HsF+’ and C,H,F+ 
ions were present in the CID mass spectrum, which 
showed some rearrangement of A ions to structure B. 
Only trace signals due to these ions were found in the 
CID1 and NR mass spectra, which indicated very little 
A ion transformation. 
The yield of FFe+, Cp+, and Fe+ ions all increased 
significantly when gas was admitted to the collision 
cell. Only a small signal due to C,H,Fe+ was present 
in the “pure” CID mass spectrum and 110 detectable 
increase in the abundance of FC,H,Fe+ ions was 
observed. The intensity of the latter remained un- 
changed when small amounts of the gas were admit- 
ted and fell slightly as larger amounts of gas were 
used. 
There are two possible explanations for the above- 
mentioned observations. One is that all three reactions, 
for example, Cp; H ; and HF losses, originated from 
isomer A. The formation of FFe+ (as well as Cp‘ ) is a 
simple bond cleavage and so is accessible easily upon 
collisional activation. Reactions that result in 
C,H,FFe+ and CsH,Fe+’ ions are, however, rear- 
rangements, which involve intermediate species of un- 
known structure and which are collisionally insensi- 
tive because they can be accessed only at energies 
close to the dissociation limits. For HF loss, the reac- 
tion may involve H atom migration to the fluorine 
atom followed by a fast loss of HF from the coordina- 
tion sphere of the metal atom. 
The insensitivity of H. elimination and the low 
sensitivity of HF loss to collisional activation also may 
result from the isomerization of A ions to another 
stable isomer, for example, B, prior to dissociation. 
To choose between the preceding possibilities, the 
NR mass spectrum of CpFeF+. was recorded; see Fig- 
ure 4. The CID mass spectra of CpFeF+’ ions generated 
from mctustuble molecular ions of FcCOCF, and those 
that survived neutralization-reionization were exam- 
ined also. The results are presented in Table 1 together 
W’; 
-J-A 
Fe’ Cp 
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FFe’ 
I 
RECOVERY 
SIGNAL 
C,H,Fe’ 
Jti AA 
J,CpFe’ 
h .I _ -. 
Figure 4. Neutralization-reionization mass spectrum of 
CpFeF +’ ions. 
with the MI and CID mass spectra of ion source-gener- 
ated species. 
A comparison of these mass spectra permits one to 
draw the following conclusions. First, the CID mass 
spectrum of mtastab/y generated CpFeF+’ ions was 
similar to that of ions that survived neutralization-re- 
ionization. They also were similar to the CID mass 
spectrum of ion source-generated CpFeF+‘. In all these 
mass spectra the most abundant species were FFe+ 
and C,H,Fe” ions, whereas yields of C,H,FFe+ ions 
were very small. Metastably generated ions are formed 
in their ground state or with only a small excess 
internal energy and so they likely exist as isomerically 
pure species. In contrast, ions that survive NR are 
energy rich, but as suggested before, only isomer A 
has a good chance to survive NR conditions. Thus the 
close similarity between the m*-CID and NR-CID mass 
spectra shows that (1) in both cases ions of A structure 
were produced and (2) their internal energies were 
different, but neither regime provided access to struc- 
ture B. The latter may be accessible only in a very 
narrow energy range if the energy barrier for A 3 B 
lies close to A’s dissociation limit(s). The observation 
of both C,H,FFe+ and C,H,Fe+’ ions in the NR mass 
spectrum of io77 sozluce-generated CpFeF+’ may indi- 
cate the likely coexistence of A and B species prior to 
their neutralization. The dissociation of a neutral or 
reionized B isomer could be responsible for a high 
yield of Fe+’ ions. However, isomer B cannot play a 
major role in the chemistry of CpFeF+’ ions, which 
mostly exist as structure A. 
CpFeO +’ ions 
Only two peaks were present in the MI mass spectrum 
of CpFeO+; C,H,Fe+; and C,H,O+‘. The absence of 
the metal atom in the latter (nr/z 81) was shown by 
their CID mass spectrum, which had no iron-contain- 
ing fragments. 
Neither the CO nor Fe losses are associated readily 
with the A isomer for CpFeO+’ ions. It is also unlikely 
that they originated directly from structure B, which is 
an oxygen-centred radical (cation). Further isomeriza- 
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tion to an ion such as C, which involves a 1,2-hydro- 
gen shift in the C,H,O ligand, must be proposed to 
explain the metastable decomposition of CpFeO+’ ions. 
A comparison of the MI mass spectra recorded in 
the second and third FFR showed that the CO/Fe loss 
abundance ratio increased by a factor of - 5 for ions 
that have the longer lifetime. Thus for ions of lowest 
internal energy, rearrangement to species that readily 
can lose CO competes favourably with Fe loss. CO loss 
must follow ring opening of a C-type ion and, to 
compete with metal atom loss, well may involve a 
simple bond cleavage in the acyclic ligand 
CHzCHCHCHCO. The ratio of CO/Fe loss was not 
changed when collision gas was admitted nor did the 
peaks increase. This is compatible with rearrangement 
of the initially produced CpFeO+ ions to stable iso- 
mers, over an energy barrier close to their dissociation 
limit. If the CpFeO + ions initially have structure A, 
then rearrangement must take place substantially be- 
low the energies for A dissociations. The combined 
CID-MI mass spectrum (Figure 5a) shows no ions that 
can be associated easily with structure A except for 
trace signals that correspond to FeO+’ and CpFe+ ions. 
Collisional activation also resulted in a loss of 
ethyne. C,H,OFe+’ ions generated from collisionally 
excited CpFeO+’ precursors were transmitted into the 
3FFR and collisionally activated. The resulting CID 
-Fe 
-co 
I 
-C,H,O -C,‘% -CO-C,H, 
Fe’ 
OF=’ C,H,O’ 
C,H,Fe’ 
, C,H,OFe’ 
&COV&RY 
Fe+ 
C,H,O* 
C,H,Fe’ 
I 
Figure 5. (a) Combined CID-Ml mass spectrum of ion source- 
generated CpFeO+ ions, (b) their NR mass spectrum, and 
(c) CID mass spectrum of metastably generated ions. 
mass spectrum exhibited C,H,Fe+’ and did not show 
either FeO+ or C,H: ions, and so CpFeO+’ ions that 
decompose by C,H, loss probably did not contain an 
Fe-O bond. 
The NR mass spectrum of CpFeO+ (Figure 5b) was 
dominated by Fe+’ ions. These species, as indicated by 
the CID1 mass spectrum, mostly originated from the 
collisional ionization of neutral metal atoms generated 
together with C,H,O+ cations. The latter, as, well as 
the formation of C,H,OFe+‘, can be assigned to the 
decomposition of isomer C or other ions that have 
hydroxyl-cyclopentadienyl or phenoxylium ligands. 
However, the observation of C,H,Fe+’ and C,H,Fe+. 
ions is explained best by structure C. Abundant CpFe+ 
and FeO+’ ions that correspond to the dissociation of 
isomer A were also present. 
The yield of recovered CpFeO+ ions was too small 
for their CID mass spectrum to be measured. How- 
ever, it was possible to record the CID mass spectrum 
of the species generated from metastable molecular 
ions of nitroferrocene. This mass spectrum (Figure 5c) 
was similar to that of ion source-generated ions, with 
the most abundant species, Fe+; C,H,O+, and 
C,H,Fe+, that correspond to structure C. This obser- 
vation indicated again that the energy barrier for A * 
C isomerization must be very low and that isomeri- 
tally pure A ions were not generated. 
The isomer C probably did not survive NR condi- 
tions and the weak recovery signal in the NR mass 
spectrum was assigned to structure A. The internal 
energy of ions that survive under NR conditions may 
well be higher than in CID experiments [19]. This may 
result in new dissociations that were not observed in 
the CID mass spectra, for example, an important peak 
due to CpFe+’ ions was found (Figure 5b). 
The present experimental results showed that 
CpFeO+ ions generated from the ionized nitrofer- 
rocene (FcNO,) easily rearranged into structure C. To 
rationalize the experimental observations we proposed 
a hypothetical energy diagram (Figure 6). In this dia- 
gram the B-type ion was considered as an intermediate 
in the A =S C transformation. Activation energies for 
the decomposition of C were believed to be lower than 
those for the isomer A. To identify (stable) A species, 
ions that had higher internal energies had to have been 
produced under neutralization-reionization condi- 
tions. 
CpFeOH + Ions 
The MI mass spectrum of these ions exhibited three 
major peaks that corresponded to the loss of H,O, CO, 
and Cp and minor signals for H ; Hz, and CpOH 
losses, with relative abundances as shown in Table 1. 
In addition to the foregoing species, a significant peak 
at nz/t 82 was observed that corresponded to CpOH+’ 
ions. These ions also were present in the CID1 mass 
spectrum of CpFeOH+, which indicates that migration 
of the OH group to the cyclopentadienyl ring occurs 
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Figure 6. Proposed energy diagram for the isomerization and 
decomposition of CpFeO+ ions. 
and that at least a fraction of Fe+’ ions was formed 
from a single-step decomposition of the B-type isomer 
of CpFeOH+ ions. 
The admission of collision gas had different effects 
on the peak intensities for the preceding MI reactions. 
The HOFe+ ion yield increased steadily as the collision 
gas was added. Such behavior was consistent with the 
decomposition of isomer A, which was initially pro- 
duced from the ferrocene precursors as shown in 
Scheme I. Collisional excitation of CpFeOH+’ also re- 
sulted in Cp+ and CpFe+ ions, again indicative of 
structure A. Only small changes in absolute 
HOC,H,Fe+ (H’ loss) and C,H,Fe+’ (Hz0 loss) ion 
yields were observed. These could take place from A 
ions or isomeric structures. The energies of the corre- 
sponding transition states must be relatively low to 
compete with a simple Cp-Fe bond cleavage in the 
metastable time frame. As with CpFeF+’ ions, weak H 
and HR (H,O) losses under collisional excitation can 
be rationalized by (1) isomerization of structure A 
prior to these decompositions or (2) by a narrow en- 
ergy range in which the corresponding transition states 
(from isomer A) are accessible. 
No remarkable changes in C,H,OFe+’ and 
C,H,Fe+’ ion abundances were found when collision 
gas was admitted. For these reactions too, isomeric 
[C,, H,, 0, Fe]+’ structures must be involved. Hz loss 
may occur from B and C isomers, but further isomer- 
ization to D and/or beyond (Scheme II) is needed for 
CO loss. The observation of C,H,Fe+’ ions in the CID 
mass spectrum provided further evidence for C- and 
D-type structures. Thus, the insensitivity of these two 
reactions to collisional activation resulted from the 
multistep isomerization of structure A (CpFeOH+‘). 
To assist in the elucidation of mechanisms for 
CpFeOH+’ ion decomposition, the NR mass spectrum 
and CID mass spectra of ion source and metastably 
generated and recovered CpFeOH+’ ions under NR 
conditions were recorded. 
First, the NR mass spectrum displayed a strong 
recovery signal (Figure 7), which indicated that stable 
neutral counterparts of [C,, H,, Fe, 01” ions were 
produced in the gas phase. The NR mass spectrum is 
similar to the “pure” CID of ion source-generated 
species. Both displayed abundant HOFe+ ions that, 
together with the observation of CpFe+ and Cp’ ions, 
was consistent with structure A. Weak signals due to 
H’ and Hz0 losses were present in the NR mass 
spectrum, but no C,H,Fe+’ ions were found. 
The CID mass spectrum of [C,, H,, Fe, Ol+. ions 
that survived neutralization-reionization (Table 1) can 
be presented as a superposition of the MI and CID 
mass spectra of ion source-generated ions. This result 
can be rationalized by proposing that the isomer A of 
CpFeOH +. ions was generated and that these species 
possessed a wide range of internal energies that lead to 
their dissociation and isomerization. 
CpFeOH+‘ ions that have low internal energy, which 
were likely isomerically pure species, were produced 
by the metastable decomposition of FcCOOH+‘. Their 
CID mass spectrum is shown in Table 1. Ions HOFe” 
and CpFe+ originated from simple metal-bond cleav- 
age in A-type structure. The observation of a strong 
signal that corresponded to H,O loss confirmed that 
C,H,Fe+’ ions originated from isomer A. The same 
conclusion was drawn for CpFeCl+‘ and CpFeF+’ ions. 
No, or only trace, signals for H ; H, and CO losses 
were observed, which provided a strong indication 
that rearrangement of A ions must precede these de- 
compositions. 
Fe’ 
I I 
CP’ 
RECOVERY 
C,HFe’ SIGNAL 
IA A 
WW cpFe. 
Figure 7. Neutralization-reionization mass spectrum of 
CpFeOH+’ ions. 
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In summary, [C,, H,, Fe, Ol+’ isomers were identi- 
fied by their specific decompositions. Ions of structure 
A (CpFeOH+‘) were generated by metastable decom- 
positions of their ferrocene precursors. This isomer is 
believed to occupy the global minimum on the poten- 
tial surface and is responsible for formation of stable 
neutrals in the NR experiments. Isomerization of A to 
structure D via isomers B and C may occur in ions that 
have higher internal energies. However, only A ions 
that possess a narrow range of internal energy can 
undergo this isomerization. 
CpFeOMe + loizs 
The behavior of metastable CpFeOMe+’ ions was dif- 
ferent from that of other oxygen-containing species 
(CpFeOH+’ and CpFeO’ ). The MI mass spectrum was 
dominated by CpFeCHO+’ and CpFeH+’ ions that 
originated from the decomposition of the methoxy 
group. Both these reactions have been identified earlier 
in magnetic sector instruments [9, 10, 20, 211. Isomer- 
ization of A ions to structure E is considered to be 
necessary to produce H, and CH,O (Scheme III). The 
formation of an isomer that has the CH,O (formalde- 
hyde) ligand was indicated by the presence of 
CH,OFe+’ ions in the CID and NR mass spectra of 
CpFeOMe+‘. It is very likely that H atom migration 
from the metal atom to the cyclopentadienyl ring, 
forming ions of structure F, preceded the CH,O loss. 
The formation of the cyclopentadiene ligand was indi- 
cated clearly by the observation of C,Hl’ ions in the 
combined CID-MI (Figure 8a), CIDI, and NR (Figure 
8b) mass spectra. 
H, loss may occur from structure E or after its 
further isomerization to G ions. In any case, the cou- 
pling of two hydrogen atoms must be a very fast 
process because the intensity of the metastable peak 
that corresponds to H, loss was as much as 20% of the 
main beam of CpFeOMe+’ ions. The barrier for this 
dissociation likely lies far below the barrier(s) of previ- 
ous isomerization step(s). This was supported by the 
observation of an abundant MI mass spectrum for 
CpFeOMe + ions nzetastabl~ produced from the molec- 
ular ion of FcCOOMe. Like the MI mass spectrum of 
Q Q =z 
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Figure 8. (a) Combined CID-MI and (b) NR mass spectra of 
CpFeOMe+. ions. 
ion source-gerzernted species, this secondary MI mass 
spectrum was dominated by H, loss and showed 
moderate signals due to CH,O and Me0 losses. 
The admission of collision gas to the collision cell 
affected the MI peaks differently. Yields of CpFeH+’ 
and CpFe + ions rose together as the collision gas was 
added, whereas a significant decrease in H, loss abun- 
dance was observed. The magnitude of this decrease 
was very close to the growth in CpFeH+’ ion abun- 
dance. These results demonstrated that collisional acti- 
vation did not produce any significant yield of ions 
capable of dissociation by H, loss, but instead initi- 
ated further decomposition of CpFeCHO+’ ions by CO 
loss as shown in Scheme III. The latter reaction has 
been reported before 19, 201 and also was observed in 
the present MI and CID experiments. 
The MI mass spectrum of CpFeOMe+’ also showed 
CpFe+ ions, and the CID and NR mass spectra both 
displayed CpFe+ and MeOFe+‘ These two latter species 
are consistent with the presence of ions that have 
structure A. Isomer A well may be responsible for the 
observation of a recovery signal in the NR mass spec- 
trum. However, the yield of surviving ions was low, 
which may have resulted from significant isomeriza- 
tion of A ions to other isomers that were less stable 
under NR conditions. 
Thus at least a portion of CpFeOMe+’ ions retained 
the structure A, but the majority underwent isomeriza- 
tion. Structure E can be proposed as a key intermediate 
in these transformations to isomers F and G. Structure 
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G, which originated from migration of the second 
hydrogen atom to the metal atom, could be responsible 
for a very fast and irreversible H atom coupling and 
Hz loss. The hydride ligand in E ions may migrate to 
the cyclopentadienyl ring. The A * E * F isomeriza- 
tion is proposed to be reversible and well can be 
responsible for the H atom mixing that has been ob- 
served in CsHsFeOCDz’ ions [21]. 
CpFeH +. lons 
Like CpFeOMe+; these ions were produced by EI- 
induced dissociation of methoxycarbonylferrocene 
molecular ions, where they resulted from C,H,CO + 
CH,O and C,H,CO + H, + CO losses. Both reactions 
have been identified earlier [9, 20, 211 and were con- 
firmed in the present study. 
The MI mass spectrum of [C,, H,, Fe]+’ ions was 
very simple and consisted of two peaks that corre- 
sponded to H’ and CsH, losses in a ratio of - 5:l 
(Table 1). CpFe+ and Fe+’ ions were the most abun- 
dant species in the CID mass spectrum. Collisional 
activation also resulted in the decomposition of the 
hydrocarbon ligand and loss of an Fe atom. The latter 
reaction gave rise to C,Hl’ ions. These ions together 
with Fe+; dominated the CID1 mass spectrum. Be- 
cauase no HFe+ ions were observed, it can be con- 
cluded that [C,, H,, Fe]+’ species mostly existed as 
isomer B. This conclusion was confirmed by the NR 
mass spectrum, which showed only a trace signal at 
nz/z 122. This peak, however, well may correspond to 
isobaric ‘3CC,H,Fe+ and C,Hs5’Fe+ ions, which could 
not be separated from C,H,Fe+’ in the ion source. 
The CID mass spectrum of [C,, H,, Fe]+’ ions 
produced from metastable CpFeOCHz’ by CH,O loss 
was similar to that of the ion source-generated species 
(Table 1). It should be noted that the CID mass spectra 
of [C,, H,, Fe]+’ ions that have a C,H, ligand and are 
formed by the decomposition of C,H,Fe+’ (C,H, = 
norbornadiene or quadricyclane) [22] or by reaction of 
Fe(CO)i ions with cyclopentadiene [23] are closely 
similar to those shown in Table 1. Thus, all the experi- 
mental data indicate the involvement of structure B for 
these ions or a mixture of rapidly interconverting 
structures A and B. The isomerically pure A form of 
C,H,Fe+‘ ions probably cannot be generated from the 
foregoing precursors because of a low barrier for the 
A * B isomerization. A similar reaction was observed 
in ferrocene protonated on the metal atom, which was 
produced by protonation in an ion cyclotron resonance 
mass spectrometer and which underwent a reversible 
rearrangement to CpFe+(n5 - CsH,) [24]. The ease of 
such a transformation in ions that have a coordinative 
unsaturated metal atom can be even greater [15]. 
CpFePh +’ Ions 
The MI mass spectrum (Table 1) was dominated by 
CpPh+’ ions. Minor fragments corresponded to H ; Hz, 
and C,H, losses. These species were among the most 
abundant ions in the CID mass spectrum (Table l), 
which also showed intense peaks for C,H8+’ and Fe+’ 
ions. No PhEe+ and only a trace signal due to CpFe+ 
ions were found, indicating a very high degree of 
A * B isomerization. 
The CID1 mass spectrum of CpFePh+’ was consis- 
tent with the MI and CID mass spectra, which showed 
peaks due to ionized neutral Fe and CpPh. 
The same species as in the CID and CID1 mass 
spectra were present in the NR mass spectrum of 
CpFePh+; with a very weak-recovery signal, abundant 
Fe+’ and CpPh” (with accompanying fragmentation), 
and insignificant CpFe+ and PhFe+ ions. 
The experimental results on CpFePh+’ ions are con- 
sistent with a very low barrier for the Cp and Ph 
ligand coupling in A-type ions and almost complete 
transformation of these species to structures B or C. 
In an attempt to produce CpFePh+’ ions of structure 
A, the species generated in the decomposition of meta- 
stable molecular ions of benzoylferrocene (Scheme I) 
were examined. Their CID mass spectrum (Table 11 
showed significant CpFe+’ and PhFe+ ions, which 
indicated that isomer A was successfully produced. 
However the presence of abundant signals due to Hz, 
C,H,, and Fe losses showed that even metastably 
generated CpFePh+’ ions were not isomerically pure 
and consisted of a mixture of A and B (or C) struc- 
tures. 
Conclusion 
A variety of tandem mass spectrometric methods were 
used to examine the structure of CpFeR+ ions. These 
ions were generated from the corresponding dicar- 
bony1 complexes (CpFe(CO),R) or ferrocene deriva- 
tives (FcXR). When newly formed they were believed 
to have structure A with a Fe-R bond. The experi- 
mental data for halogen-containing species were con- 
sistent with structure A as the dominant (R = F) or the 
exclusive species (R = Cl, Br, I). 
The behavior of oxygen-containing ions depended 
on the radical attached to the oxygen atom. The most 
important decompositions of CpFeOMe+’ ions in- 
volved the isomerization of the methoxy group. The 
initial step of these rearrangements was hydrogen atom 
migration to the metal atom. However, some of these 
species retained their initial A structure. 
CpFeO+ and CpFeOH+’ ions easily underwent 0 or 
OH migration to the cyclopentadienyl ring, followed 
by hydrogen rearrangements. As a result of multiple 
rearrangements, the loss of CO occurred. Isomer A of 
CpFeOH+’ ions was stable and easily identified, 
whereas in the case of CpFeO+ only the decomposition 
of metastable precursors allowed the generation of this 
isomer. 
CpFeH+’ and CpFePh+’ ions mostly existed as 
CpRFe+’ (B or C) species. Again, isomer A of CpFePh+’ 
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ions was generated only by metastable decomposition; 
at higher energies it underwent a facile rearrangement. 
Neutralization-reionization experiments greatly as- 
sisted the recognition of isomeric species. The presence 
of abundant recovery ions was assigned to A isomers; 
it was consistent with the other experimental data. The 
NR mass spectra of CpFeR+’ ions also contained struc- 
ture-indicative fragment ions. These species arose from 
simple Cp-Fe and Fe-R bond cleavages that re- 
quired high internal energy, which could less easily be 
accessed by ions in CID experiments. 
The observation of recovery signals demonstrated 
that stable neutral counterparts of CpFeR+‘ ions (R = 
halogen, 0, OH), were generated in the gas phase. 
These coordinatively unsaturated species possessed no 
solvent molecules or other stabilizing ligands at the 
metal atom-adducts whose presence is necessary for 
CpFeCl, CpFeBr, and CpFeBr to be stable in the con- 
densed phase. Their analogues, which have 0, F, or 
OH as a ligand (not a counterion) at the metal atom 
connected to the n-cyclopentadienyl ring, have not 
been reported and were produced in the present work 
for the first time. It is apparent that many other species 
of the type CpFeR can be generated in neutrali- 
zation-reionization experiments, which necessitates the 
production of their positively or negatively charged 
analogues in the gas phase. As with many other transi- 
tion metal complexes that contain even-electrolz 
rno/ecule~s~ as a ligand, ionized substituted cyclopenta- 
diene iron derivatives hardly survive NR conditions 
and some special effort should be made to observe 
their recovery signals and to confirm their structure. 
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